On the origin of the Non-Fermi Liquid Behavior of SrRuOs. 
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Motivated by the unusual features observed in the transport properties of the ferromagnetic "bad 
metal" SrRuOa, we construct a model incorporating essential features of the realistic structure of 
this nearly cubic material. In particular, we show how the t2g orbital orientation in the perfectly 
cubic structure determines the peculiar structure of the hybridization matrix, and demonstrate how 
the local non-Fermi liquid features arise when interactions are switched on. We discuss the effects 
of the slight deviation from the cubic structure qualitatively. The model provides a consistent 
explanation of the features observed recently in the optical response of SrRuOs. 



PACS numbers; 71.28+d,71.30+h,72.10-d 

Strongly correlated electronic systems continue to 
present new surprises in condensed matter physics. In 
particular, d-electron systems exhibit fascinating phe- 
nomena, from unconventional high- Tc superconductivity 
to colossal magnetoresistance [1]. These dramatic be- 
haviors are believed to be associated with the fact that 
the important electronic states are often intermediate be- 
tween the itinerant and localized limits, necessitating the 
development of new ideas [2] . 

Ruthenates constitute a class of d-band oxides occur- 
ing in both layered [3,4] as well as nearly cubic forms. 
The electronic states responsible for both conduction and 
magnetism (or superconductivity) are associated with 
bands which involve Ru-Ad orbitals hybridized with the 
0-2p states. The cubic material SrRuOs exhibits a tran- 
sition from a high-T paramagnetic metallic to a ferro- 
magnetic metallic state below Tf^^ — 150K [5]. State- 
of-the-art bandstructure calculations do produce this ba- 
sic feature [6]. However, photoemission [7] measurements 
reveal a much reduced spectral density at the Fermi sur- 
face, compared to the results from a bandstructure calcu- 
lation. Moreover, the authors of [7] do not observe a clear 
separation between the "coherent" and incoherent parts 
of the spectral function, suggesting that the low-energy 
spectral weight may have a significant incoherent con- 
tribution. The mass enhancement factor deduced from 
this is in excellent agreement with that extracted from 
the low-T specific heat, showing the importance of cor- 
relation effects. More unusual features are observed in 
transport studies. At low T, a resistivity minimum is 
observed even as the resistivity itself is very low [8,9,10]. 
At higher T > T™ , Pdc{T) increases Hnearly with T, 
passing through the loffe-Regel limit [8] without satura- 
tion. It exhibits a kink at Tf^^ and continues to increase 
up to lOOOK. In other words, one is dealing with a situ- 
ation where kpl ~ 1 (already for T ~ 500K) , suggesting 
the inapplicability of Boltzmann equation approaches for 
transport. In fact, this similarity with other "bad met- 
als" , as well as with dilute ferromagnetic alloys [8] , sug- 
gests that a local picture (as opposed to a band descrip- 
tion) for transport is required for SrRuO^. Near T/"*^, 



anomalous critical behavior in pdc{T) has been found by 
Klein et al. [10]. That this is not related to magnetic crit- 
ical behavior is shown by the fact that the magnetization 
data are well fit with conventional universal critical expo- 
nents. This line of thinking is further reinforced by a re- 
cent study [10] probing the deviations from Matthiessen's 
rule (DMR) in SrRuOs and CaRuOz. The latter is not 
a ferromagnet down to the lowest temperatures. Inter- 
estingly, however, the similarity in the radiation-induced 
change in the resistivity for both samples indicates that 
the observed DMR is not caused by magnetic ordering. 
More recently, Kostic et al. [11] have studied the infrared 
conductivity of SrRuO^ from 50cto~^ to 40000cm~^ at 
temperatures ranging from 40K to 300K. Quite aston- 
ishingly, a{uj) ~ cj"" with a = 1/2 deep into the fer- 
romagnetic phase {T — 40K) instead of the cj^^ form 
characteristic of Fermi liquids. This form is close to the 
phenomenological fit used for doped cuprates [12]. Moti- 
vated by the strong correlation features observed experi- 
mentally, Ahn et al. [13] attempted to model the optical 
spectrum in terms of the response of a one-band Hub- 
bard model in d = oo. However, the low-T response in 
the d = oo Hubbard model is that of a correlated Fermi 
liquid, and Ahn et al. themselves point out the impor- 
tance of extra scattering mechanisms to understand the 
non-FL fall-off in (t{ll!). In particular, they speculate that 
factors like the p — d hybridization and its interplay with 
Mott-Hubbard physics might provide some insight into 
the physics of ruthenates. Given the similarity in their 
optical response, one might be tempted to look for a pos- 
sible explanation in terms of theories proposed to under- 
stand the non-FL metallic phase of cuprates. In sharp 
contrast to the cuprates, however, SrRuO^ is not close to 
any quantum critical point. There are no antiferromag- 
netic spin fluctuations, neither does it undergo a Mott 
transition. Actually, it is not clear whether SrRuO^ is 
close to a Mott transition. The FM spin fluctuations 
cannot be the cause of the non-FL features, since these 
features are observed well below Tf^. The scattering 
rate extracted from an extended "Drude" flt increases 
linearly with frequency, and remains high above Tf^'. 
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At high T > Tf^', <j(u}) even appears to increase with 
frequency in the far-infrared, reminiscent of strongly dis- 
ordered systems. However, the nature of such strong 
scattering and, in particular, its microscopic origin, is 
completely unclear, given that this system has negligi- 
ble extrinsic disorder [8]. One is led, therefore, to search 
for the origin of the (intrinsic) strong scattering in the 
peculiarities of the material itself. 

A proper understanding of the anomalies should, in 
the final analysis, be linked to the peculiarities in the lo- 
cal quantum chemistry (or the basic electronic structure) 
of this material. In this connection, it is interesting to 
notice that Cox et al. [14] have reported three flat bands 
crossing the Fermi surface: one Cg band between F and 
X, and two t2g bands between the X and M points in the 
Brillouin zone. The microscopic origin of these features 
are, however, completely obscured in the numerics. 

The appearance of a ferromagnetic metallic state at 
low T in SrRuO^ is understood as follows. In SrRuOs, 
the crystal field breaks the first Hund's rule and the four 
Ru d electrons then partially fill the t2g states, giving 
rise to a local spin S' = 1 at each site, consistent with 
the measured magnetization (M ~ I/xb) at low T. The 
t2g configuration implies a three-fold orbital degeneracy 
since the fourth electron can go into any of the three t2g 
orbitals. If this was the whole story (i.e, if we ignored 
the O — 2p bands), one would expect SrRuOs to be a 
S = I, antifcrromagnetic Mott insulator (probably with 
some kind of orbital ordering). We claim that this orbital 
degeneracy in the perfectly cubic system is the origin of 
the strong intrinsic scattering observed experimentally 
(see below). Bandstructure calculations [14] as well as 
photoemission measurements, however, point to the im- 
portant role of self-doping in this material, introducing 
a small concentration of holes into the O — 2p band via 
charge transfer processes, which put a small concentra- 
tion of additional electrons into the t2g orbitals. The Ru 
^dxy,yz,zx-0 2p hybridization then drives the resulting 
mixed-valcnt system metallic and ferromagnetic via the 
double-exchange mechanism. 

In this letter, we propose a microscopic model for 
SrRuO^ which ties together (i) the local quantum chem- 
istry, (ii) the relevant interactions, and (iii) the observed 
non-Fermi liquid anomalies within one approach. In par- 
ticular, we show how the t2g orbital orientation deter- 
mines the peculiar structure of the hybridization matrix 
(see below), and how the NFL behavior arises (within a 
single-impurity picture) when local coulomb interactions 
are switched on. 

We start by deriving the hybridization (Ru Mxy^yz.zx- 
O 2p) matrix for the nearly cubic structure of SrRuO^. 
To begin with, we shall assume a perfect cubic structure, 
and consider the effects of the slight distortion later in 
the paper. 

Considering the local orbital structure of the Ru — O 
octahedron, the relevant electronically active states in- 



volve the hybridization of the triply degenerate Rm — 
4:dxy,yz,zx and O — 2px^y^z states. In this situation, the 
hopping part is written as 

Hhop = -tJ2idlyl.Pl<r + C.t. + h.c] (1) 
Iff 

where Pi^ = (Py,i+x/2,<7 - Pv,\-^/2,<7 + Px,\+y/2,<7 - 
Px.\-y/2,(y) E^nd Pa.\±i3/2 mcaus the Pa orbital placed at 
the center of the bond(s) leaving site i in the ±/3 direc- 
tion. In eqn.(l), c.t. (cyclic terms) means terms which 
arise by a cyclic permutation of x,y, z. Notice that the 
dxy orbital does not hybridize with Pz,i±ai2 and Pa,i±z/2 
{a = X, y) because of symmetry reasons. It is precisely 
this peculiarity resulting from the local quantum chem- 
istry of SrRuOs which, together with the orbital degen- 
eracy mentioned above, is responsible for its anomalous 
behavior, as we show below. 

The hopping part of the hamiltonian eqn.(l) describes 
a planar hybridization of each of the t2g 4d-orbital of Ru 
with a hybridizing 0-2p (Wannier) orbital in close formal 
analogy to the 3dx2-y2 — 2p^ hybridization in the Cu02 
planes in cuprates. 

In order to make the peculiarity mentioned above more 
transparent, we Fourier transform the hopping part (1), 
giving, 

Hhop{t2g) = - 2?^ MLka {SxPyxJ^a + SyPxyVia) 
kcr 

+c.t. + h.c.\ . (2) 

using the short notations, = sn\{ka/2) [a = 

x,y,z), and defining the hybridizing (Wannier) orbitals, 

Wyzis. = -i{SyPzyk + SzPyzk)/ fyz, Wxzk = -^(SzPxzk + 

•'^xPzxi^)/.fzx, a.iidwxyic = -iisxPyxU + SyPxyk.) / .fxy Writ- 
ing faj3 = (s^ -|- sjjY^"^ and going back to the Wannier 
representation we get, finally, 

Hhop{t2g) = X! \Pvz{m)dl^i^Wyz,l+ma 

<lm>(T 

+c.t. + h.c.\ . (3) 

with T„^(m) = {2{sl + s|()i/2e*k.m^j^_ r^^^^^ -^^ ^j^g p^^.. 
feet cubic symmetry, the bandstructure is purely two- 
dimensional in each direction solely as a consequence of 
the orbital orientation. 

We now consider the interaction part of the Hamil- 
tonian. The local, intra-orbital Hubbard interaction is 
large, as can be seen from the satellite feature in pho- 
toemission being situated ~ 5eV below the Fermi en- 
ergy. We can thus roughly estimate Udd — 5eV (the re- 
sults obtained below are insensitive to its actual value). 
The Hund's rule coupling is of the order of magnitude 
of the exchange splitting (~ 0.5eV). The nearest neigh- 
bor Ru — O interaction, Upd^ can be estimated to be 
Upd — (e^/ae) ~ 1.5 — 2eV. Setting Udd oo, we write 
the interaction term as [15], 
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Hint — Upd '^Wo-('^r+m,'UJ,cr' + ^f+m,u),<7' "I" '^f+m,tu,o-') 

(4) 



<lm>a 



Thus, the total Hamiltonian reads 

H = Hhop{t2g) + Hint 



(5) 



The pecuHar feature coming from the local quantum 
chemistry of SrRuOs is now clear. The Wza do not hy- 
bridize with the dxy orbitals, but interact with a strength 
Upd, Wxa do not hybridize with the dyz, and the Wya do 
not hybridize with the dzx- Hence, for example, the term 
UpdY.<ini>c'^idxyanf+^^^„, provides a nonhybridizing 
(screening) channel that strongly scatters the w^-band 
carriers. Within the impurity approximation, local non- 
Fermi liquid behavior [16] now arises from the competi- 
tion of this term, which drives the system to a non-FL 
state characterized by X-ray edge singularities, and the 
hybridization, which would drive the system to a FL fixed 
point if the nonhybridizing channel were absent. The sit- 
uation is somewhat reminiscent of the picture proposed 
in the context of marginal Fermi liquids in cuprates [16]. 
The origin of the local non-FL behavior is quite different, 
however, in our case. In what follows, we show that the 
true low-energy response is indeed power-law in nature, 
as seems to be indicated by optical measurements. 

Let us first consider the simplified situation when the 
screening channel (the term Upd Y.<im,>a nidxyauf^^^^^^, 
) is inoperative. In this case, the hybridization term 
drives the system to a local Fermi liquid fixed point, as 
is understood from the observation that tpd is a rele- 
vant variable [16] . A detailed solution of this simplified 
model in d = oo would lead to the same conclusion. This 
problem can then be mapped onto the problem of quasi- 
particles hopping in an effective medium determined by 
a complex self-energy, S(a;), having the correct Fermi 
liquid form at low energy. 



= -{UpdPon— + ^^{^'" + ^'T')] (6) 

so that the effective model without the screening channel 
can be written as, 

-^e// = XI [^"/^e^) + Sa/3(w)]l«I/3k<7W'a/3k<7 (7) 
/ccra/3 

The presence of the screening channel modifies the ef- 
fective hamiltonian, which now reads, 

Heff = H^ff + Upd X nida0awlk„iW jk'<7' 
ikk',a/37cr(7' 

where a/3 = xy, yz, zx in pairs, and 7 = z, when 
af3 = xy, etc. This is recognizable as a model where 
the absence of the daf3 — hybridization results in X- 
ray edge-like singularity right at the Fermi surface, re- 
sulting in breakdown of FLT. We again emphasize that 



this strong scattering off the "localized" w^. orbital re- 
sults from the intrinsic feature of the quantum chemistry 
of SrRuOz, namely, from the orbital degeneracy in the 
t2g sector and the peculiar structure of the hybridiza- 
tion matrix derived above, and is not related to extrinsic 
disorder- induced localization. 

To obtain an analytic insight into the origin of the 
anomalous non-FL features in the optical response, we 
make some simplifications which will not qualitatively 
modify the conclusions. The dispersive band just below 
the Fermi level is approximated by ea/sik) = A — Bk"^ for 
small k. Furthermore, we assume that the lattice form 
factors are assumed constant, since they are expected to 
be smooth functions of k. The above approximations 
remove the dependence of two-particle quantities on k as 
well as on the orbital indices, and the problem is thereby 
transformed into that of a band of w electrons scattered 
locally by a "localized" d hole potential right at the Fermi 
surface. As is known [17], this problem is exactly soluble 
in the impurity limit; we work only in the metallic phase, 
and so choose a lorentzian unperturbed DOS. As long as 
there is no band-splitting, we expect this simplification to 
hold qualitatively. Within the impurity approximation, 
the local self-energy without the screening term has the 
Fermi liquid form ; we ignore it in this analysis, as it will 
not qualitatively modify the following physics. The w 
electron DOS is now given by [18], 
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where D is the w bandwidth. The "localized" d-hole 
spectral function is [18] 



Pd{uj) ^ (1 -n„)- 



eiuj - ^) 

LJ - yU]!-') 



n. ;("-/^^-,rj^ (9) 
\lu - Upd - fJ-l^ 



where ttt] = tan~^{'KPw{Q)Upd) is the s-wave scattering 
phase shift of the w electrons. Here, p^i^) is the density 
of states of the w fermions at the Fermi surface, and 
equals l/Dir for the lorentzian used here. The optical 
response has contributions from both of the above. The 
most singular intraband contribution to results from 
Pdi'jj) above. Indeed, by a simple scaling argument [19], 



(^intra{l^) 



const 



i-2n 



(10) 



With a plausible ratio Upd/D ~ 1, we obtain = 1/4 and 
the optical conductivity at small u, crintra{i^) = Cw~^/^ 
as indeed observed experimentally. 

The above relation holds up to an upper energy cut-off 
of order of D. There will also be a non-singular contri- 
bution from the w-DOS at higher energies. It is obvi- 
ous that this is very different from a FL-like description, 
where o'{uj) ~ lu^'^. 

The above holds for a perfectly cubic lattice. In prac- 
tice, in SrRuOs, the lattice is slightly distorted from 
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the perfect cubic structure. Given this, one expects that 
the three-fold orbital degeneracy in the <2g sector will 
be slightly lifted, and that the hybridization matrix will 
contain a small term corresponding to dxy — Wz hybridiza- 
tion. Indeed, we expect that the strict orthogonality of 
the Px,y,z orbitals in the perfect cubic structure is vio- 
lated in the presence of a slight lattice distortion, result- 
ing in a term t'j^aT.uMlxyoPi+in,z<7 + h.c.) in eqn.(l). 
We expect the non-FL behavior (the infrared singularity 
of the X-ray edge type) to be cut off by a low-energy 
quasicoherent scale related to t'^^^. At sufficiently low-T, 
(within the local approach) will become relevant [20], 
making the system scale to a low-T FL fixed point. Given 
the small distortion observed in SrRuO^, we expect this 
scale to be quite small, consistent with the Tq = AQK [21] 
below which a component in the dc resistivity is in- 
deed observed. A quantitative estimate of Tq is, however, 
out of the scope of the present work. 

In conclusion, wc have developed a model incorpo- 
rating the basic local quantum chemical aspects of the 
structure of the nearly cubic ferromagnetic "bad metal" 
SrRuO^. We have pointed at the three- fold degeneracy 
of the configuration, as well as at the peculiar features 
in the hybridization matrix, whose structure is controlled 
by the orbital orientation in the t2g sector, and is effec- 
tively two-dimensional in the perfectly cubic structure. 
Finally, we have shown how a non-Fermi liquid metallic 
state is generated within an impurity picture when inter- 
actions are switched on, and argued how a small distor- 
tion cuts off the low-energy singularity, generating a low 
energy coherence scale. The model explains the non-FL 
features observed in optical spectra in a consistent way. 
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